؉ T-cell responses are thought to be required for the induction and maintenance of many effective CD8
CD4
ϩ T cells are critical for the induction and maintenance of host immune responses to viral infections in humans and experimental animals. Viral infection in some experimental animal models that lack or have been depleted of CD4 ϩ T cells can result in CD8 ϩ T cells with impaired function and diminished ability to restrict viral replication (11, 26, 30, 33, 45, 47) .
Most viral infections of humans result in the induction of long-term CD4
ϩ T-cell responses that can be detected by in vitro cytokine production and proliferative responses to viral antigens long after the infection has been cleared (1, 3, 10, 46, 49) . In contrast, the human immunodeficiency virus (HIV)-specific CD4 ϩ T-cell immune response is characterized by the absence of proliferative responses to HIV antigens in the vast majority of untreated individuals. However, CD4
ϩ T-cell proliferative responses to HIV have been observed in patients with control of viral replication, including long-term nonprogressors (LTNP), patients treated with antiretroviral therapy during primary HIV infection, and a proportion of patients with chronic HIV infection on effective therapy (2, 5, 6, 24, 29, 31, 34, 35, 37, 42, 43) .
It now appears clear that the absence of these responses in the majority of infected patients is not simply the result of depletion of HIV-specific CD4 ϩ T cells. Since HIV infects CD4 ϩ T cells, it was initially proposed that the inability to control viral replication in most patients might be due to the deletion or depletion of HIV-specific CD4 ϩ T cells. Preferential infection of HIV-specific cells has been observed in the peripheral blood of viremic patients (9, 16) . However, it is now apparent from a number of studies that patients at all stages of HIV infection have CD4 ϩ T cells which specifically upregulate CD69 and produce gamma interferon (IFN-␥) in response to HIV antigens (21, 24, 34, 37, 39) . HIV-specific CD4 ϩ T cells have been reported to comprise between 0.1 and 2.0% of the peripheral blood CD4 ϩ T-cell pool. Moreover, there does not appear to be a decrease in the frequency of HIV-specific CD4 ϩ T cells in patients interrupting antiretroviral therapy despite the loss of CD4 ϩ T-cell proliferation to HIV antigens (24, 34, 37) . This discrepancy between the frequency of HIV-specific CD4 ϩ T cells and their proliferative responses suggests that alterations of CD4 ϩ T-cell function, rather than frequency, may account for the loss of proliferative responses in patients off antiretroviral therapy.
A number of potential explanations have been offered for the presence of HIV-specific CD4 ϩ T cells that lack proliferative function in most HIV-infected patients. There is now general agreement that these cells persist in untreated progressors, are able to activate, and produce IFN-␥, although they have a diminished ability to proliferate and produce interleukin-2 (IL-2) (7, 17, 21, 24, 34, 38, 51) . There is also now general agreement that these functions are restored in many if not most treated patients. However, controversy persists over the interpretation of these findings. Depletion of IL-2-producing subsets, anergy, and replicative senescence have been proposed as potential mechanisms for these observations. It also remains possible that diminished proliferation and IL-2 production represents skewed maturation of HIV-specific CD4 ϩ T cells (21, 36, 38, 51) . This is based upon the paradigm whereby memory CD4 ϩ T cells are divided into several compartments based on the expression of the CCR7 or CD62L and CD45RA and that these compartments differ in proliferative capacity and cytokine production (44) . Central memory (T CM ) cells are defined as CCR7 ϩ CD45RA Ϫ and are believed to circulate to lymph node organs, produce IL-2 upon encounter with antigen, and proliferate. Effector memory (T EM ) cells are CCR7 Ϫ CD45RA Ϫ and are thought to circulate to peripheral sites of inflammation, produce IFN-␥ upon encounter with antigen, and not proliferate. Additionally, a class of CCR7 Ϫ
CD45RA
ϩ "effector" cells has recently been proposed as a group of fully differentiated CD4 ϩ T cells (21) . It has been suggested that immunologic control of HIV is disrupted through the impaired development of IL-2-producing central memory cells. However, we have previously observed that interruption of therapy rapidly abrogates in vitro proliferation and IL-2 production of HIV-specific CD4 ϩ T cells, functions that are recovered upon resumption of therapy (24, 34) . In addition, maintenance of these functions was not predictive of immunologic control of HIV upon interruption of therapy (24) . These findings suggested that diminished proliferation and IL-2 production is an effect, rather than a cause, of the loss of immunologic control of HIV.
A number of important questions remain regarding these observations. First, the relationship between IL-2 production, proliferation, and surface phenotype remains incompletely defined. The majority of the prior work was performed using four-color flow cytometry that did not provide the simultaneous analysis of multiple cytokines and surface markers. In addition, it remains unclear how the HIV-specific CD4 ϩ T-cell frequency, function, and phenotype compare to the response to other viral antigens under different conditions of antigen load. Lastly, it remains unclear whether diminished proliferation during viremia is the consequence of dominant suppressive factors or is due to the lack of positive factors, such as IL-2.
In the present study, we investigated the frequency, memory phenotype, and cytokine production of HIV-specific CD4 ϩ T cells compared with cells specific for adenovirus, cytomegalovirus (CMV), Epstein-Barr virus (EBV), influenza virus, tetanus, and varicella-zoster virus (VZV). In addition, the mechanisms responsible for the diminished proliferation of HIV-specific cells from viremic patients were examined. We observed that HIV-infected patients on therapy have HIV-specific CD4 ϩ T cells that are remarkably similar in frequency, memory phenotype, and cytokine production to CD4 ϩ T cells specific for adenovirus, EBV, influenza virus, and VZV, despite the inability of these patients to control HIV replication when therapy is withdrawn. Interruption of antiretroviral therapy results in changes in frequency, memory phenotype, and cytokine production of HIV-specific cells, with a greater proportion of these cells having a CCR7
Ϫ phenotype and producing IFN-␥ but not IL-2. These alterations in cytokine production were intrinsic to the HIV-specific T cells. These cells did not lose proliferative capacity but rather required paracrine IL-2 for proliferation in the context of high levels of antigen. This study provides insight into the nature of the HIV-specific CD4 ϩ T-cell response in comparison with other viral infections of humans and identifies a potential mechanism responsible for the diminished CD4
ϩ T-cell proliferative responses in HIVinfected patients with unrestricted viral replication that may extend to responses to other viruses in the context of high levels of antigen.
MATERIALS AND METHODS
Study population. HIV type 1 (HIV-1) infection in study participants was documented by HIV-1/2 immunoassay. All subjects signed informed consent and participated in protocols approved by a National Institute of Allergy and Infectious Diseases (NIAID) investigational review board. All eight patients in the LTNP cohort were characterized by plasma HIV viral loads of Ͻ50 copies/ml in the absence of antiretroviral therapy. Four patients undergoing treatment interruption were included in both the on-therapy and off-therapy cross-sectional groups, and statistical analyses of these patients were done separately. An additional 17 HIV-1-seronegative, healthy volunteers from the National Institutes of Health donor apheresis clinic were recruited into a control cohort.
Storage of samples. Peripheral blood mononuclear cells (PBMC) were freshly isolated from peripheral blood or apheresis donor packs by sodium diatrizoateFicoll density centrifugation (ICN Biomedicals, Aurora, OH). PBMC were cryopreserved in cell culture freezing medium with dimethyl sulfoxide (Invitrogen, Grand Island, NY) using a Cryomed controlled-rate freezer (ThermoForma, Waltham, MA) and were stored at Ϫ140°C. Intracellular cytokine assays. Cryopreserved samples were thawed, washed twice with RPMI medium containing 10% human AB serum, and aliquoted at 4 ϫ 10 6 cells per stimulation tube. Anti-CD28 and anti-CD49d antibodies (PharMingen, San Diego, CA) were added at a final concentration of 1 g/ml. To determine the frequency of antigen-specific CD4 ϩ T cells, one of the following antigens or peptide pools was added: adenovirus type 5 (1/100 dilution), CMV antigen (5 g/ml), or EBV viral lysate (10 g/ml) (Advanced Biotechnologies, Columbia, MD); VZV viral lysate (10 g/ml) (BioWhittaker, Walkersville, MD); HIV p24 antigen (1 g/ml) (Protein Sciences Corp., Meriden, CT); influenza H1N1-New Caledonia virus (9.5 g/ml) or influenza H3N2-Panama virus (8 g/ml) (Advanced Immunochemicals, Long Beach, CA); or a pool containing all overlapping peptides of each HIV gene product (Gag, Pol, Nef, and Env; 2 g/ml of each peptide; HIV HXB2 ) (NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, Rockville, MD). Samples were placed in an incubator at 37°C and 5% CO 2 , and at 2 h of incubation, brefeldin A (Sigma Aldrich, St. Louis, MO) was added to the medium at a final concentration of 10 g/ml to inhibit cytokine secretion. At 6 h of incubation, the cells were washed twice and stained with mouse anti-CCR7 (mouse immunoglobulin M isotype; Becton-Dickinson, San Jose, CA) for 30 min at 37°C. Cells were washed and subsequently stained with anti-CD4 phycoerythrin (PE)-Texas red (Caltag Laboratories, Burlingame, CA); anti-mouse immunoglobulin M-Alexa 488, anti-CD45RA peridinin chlorophyll protein, anti-CD14, anti-CD16, anti-CD19, and anti-CD56 Alexa 700 (Becton-Dickinson); and CD27 allophycocyanin (APC)-Cy7 (eBiosciences, San Diego, CA) for 30 min at 4°C. Fixation and permeabilization were performed as previously described (19) . Following permeabilization, cells were stained with anti-CD8 PE-Alexa 700, anti-CD3 Pacific Blue, anti-IL-2 PE, anti-tumor necrosis factor alpha (anti-TNF-␣) PE-Cy7, and anti-IFN-␥ APC (Becton Dickinson). CD4 ϩ T-cell responses directed against antigens were considered positive if the frequency of cytokine-producing T cells was Ն3 times the frequency with medium alone.
Proliferation assays. Cryopreserved samples were thawed and washed twice with phosphate-buffered saline, and half of the cells were labeled for 8 min in 0.625 M 5 (and 6)-carboxyfluorescien diacetate succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR). Labeling was quenched with an equal volume of cold, heat-inactivated human AB serum (Gemini Bio-Products, Woodland, CA) for 1 min, followed by three washes in culture medium (RPMI containing 10% human AB serum with 10 mM HEPES buffer and 50 g/ml gentamicin). For mixing experiments, labeled PBMC were mixed with unlabeled PBMC in a 1:1 ratio and plated in 96-well deep-well U-bottom plates (Nunc, Roskilde, Denmark) at a concentration of 1 ϫ 10 6 cells per well. Medium, Gag peptide pools (2 g/ml), or p24 antigen (1 g/ml) was added into the final volume of 1 ml. For transwell experiments, unlabeled PBMC were placed into a 24-well plate (Nunc), and CFSE labeled PBMC were placed into the top chamber of a 0.4-m transwell insert (Costar, Corning Inc., Corning, NY). The reverse configuration, with the labeled cells in the 24-well plate and the unlabeled cells in the transwell insert, was also performed. For IL-2 depletion assays, supernatant was harvested from on-therapy PBMC cultures stimulated with HIV Gag peptide pools that were spun to remove residual cells. Anti-IL-2 antibody or an isotype control antibody (Abcam, Cambridge, United Kingdom) was added at a final concentration of 10 g/ml. The supernatant and antibody mixes were rotated continuously at 4°C for 1 h. Protein G-agarose beads (Upstate, Lake Placid, NY) were added to the mix at a final concentration of 50 g/ml and were rotated at 4°C for 1 h. The supernatant mixes were spun to precipitate the antibody-protein G complexes, and the purified supernatant was recovered. The depletion step was repeated a second time before the supernatant was added to either the top or bottom well of a 24-well plate with a transwell insert. IL-2-depleted and control antibody-depleted supernatants were added to the proliferation cultures at days 1, 2, 3, 4, and 5. For all proliferation assays, at day 6 cells were treated with 100 units DNase I (Invitrogen) in culture medium at 37°C for 10 min, washed twice in phosphate-buffered saline with 0.01% bovine serum albumin fraction V (Sigma Aldrich), and stained with anti-CD3 peridinin chlorophyll protein and anti-CD4 APC (Becton Dickinson).
Flow cytometry. Data were collected with a FACSAria three-laser (488, 633, and 407 nm) cytometer (Becton Dickinson). Between 70,000 and 1,000,000 CD3 ϩ CD4 ϩ events were collected and analyzed using FlowJo software (TreeStar, San Carlos, CA).
Statistical analysis. Because the data were not normally distributed, independent groups were compared by the Wilcoxon two-sample test. The Wilcoxon signed rank test was used to compare paired data. The Bonferroni method was used to adjust P values for multiple testing. Medians are reported.
RESULTS

Frequency, memory phenotype, and cytokine production by HIV-specific CD4
؉ T cells are similar to responses to other viral infections in humans. The consequences of HIV infection and active viral replication for the frequency, memory phenotype, and cytokine production profiles of CD4 ϩ T cells specific for adenovirus type 5, CMV, EBV, influenza H1N1 and H3N2 viruses, VZV, tetanus toxoid, HIV p24 antigen, and HIV Gag, Nef, Pol, and Env peptide pools were examined through a 10-color flow cytometry panel. This panel (containing the gating markers CD3, CD4, CD8, CD14, CD16, CD19, and CD56; the cytokines IFN-␥, IL-2, and TNF-␣; and the memory markers CD45RA, CCR7, and CD27) was used to identify antigen-specific (cytokine-producing) CD4
ϩ T cells in normal controls (n ϭ 17), HIV-infected patients with active viral replication off therapy (n ϭ 12), HIV-infected patients with Ͻ50 copies of HIV RNA/ml plasma on antiretroviral therapy (n ϭ 11), and HIV-infected patients with Ͻ50 copies of HIV RNA/ml plasma off antiretroviral therapy (patients known as LTNP) (n ϭ 8) (Tables 1 and 2 ). The total antigenspecific response comprises IFN-␥-, IL-2-, or TNF-␣-producing cells unless otherwise designated. Total antigen-specific responses to adenovirus, influenza H1N1 or H3N2 virus, and VZV of HIV-infected patients on therapy were nearly twofold greater than those of uninfected controls, LTNP, and HIVinfected patients off therapy. However, in absolute terms this difference was only 0.1% of CD4 ϩ T cells. Responses to adenovirus, CMV, EBV, influenza H1N1 and H3N2 virus, VZV, and tetanus antigens were detectable in most patients, and responses against HIV peptide pools and antigens were found in all HIV-infected patients (Fig. 1A) . In all patients, the CD4 ϩ T-cell responses to adenovirus, EBV, influenza virus, and VZV were characterized by predominantly IL-2
Ϫ ) phenotype, and the majority were CD27 ϩ (sample data are in Fig. 1A and summary data are in Fig. 2 ). In contrast, CD4
ϩ T-cell responses to CMV antigen were outliers with regard to frequency and surface phenotype. Although total responses specific for most antigens or peptide pools were in the range of 0.025 to 0.2% of CD4 ϩ T cells, the response to CMV antigen was 10-to 20-fold greater. Because the CMV genome is approximately 20-fold larger than that of HIV-1, the responses to a pp65 peptide pool were also examined. The magnitude of this total response was closer to the response to Gag, especially when corrected for the number of amino acids in the coding sequence (median of 0.52% antigen-specific CD4 ϩ T cells/ 1,000 amino acids of pp65 versus median of 0.26% antigenspecific CD4
ϩ T cells/1,000 amino acids in HIV-infected LTNP and progressors on therapy). The CMV antigen-and pp65-specific responses consisted predominantly of antigen-specific cells with an increased proportion of CCR7 Ϫ cells and an increased proportion of CD27 Ϫ cells. Responses to tetanus were also outliers with regard to cytokine secretion but not (Fig. 1A and 2B ). These responses were reminiscent of poorly differentiated vaccine-induced CD4 ϩ T cells previously described (15) . In HIV-infected patients, including LTNP and patients with progressive disease either on or off therapy, CD4
ϩ T-cell responses to non-HIV antigens were of comparable magnitude to those of HIV-uninfected controls and were similar in memory phenotype and cytokine production.
All patients with HIV infection demonstrated CD4 ϩ T-cell responses to one or more of the HIV antigens tested, including overlapping peptides spanning the Env, Gag, Nef, and Pol proteins and p24 antigen. Gag peptide pools and the p24 antigen elicited the largest CD4 ϩ T-cell responses, followed by Pol, Nef, and Env. In LTNP and in patients on therapy with control of viral replication, CD4
ϩ T-cell responses to HIV antigens were similar in frequency and phenotype to responses against adenovirus, EBV, influenza virus, and VZV in HIVuninfected controls. In contrast, in HIV-infected patients off therapy with active viral replication, HIV-specific CD4 ϩ T cells undergo a significant increase in the peripheral blood with a concomitant decrease in responses to non-HIV antigens (Fig. However, this relationship between surface phenotype and cytokine production was not reliably the case. IL-2-producing CD4 ϩ T cells were found with a T CM phenotype (tetanus toxoid and HIV Pol in some patients on therapy), a predominantly T EM phenotype (CMV), or a mixed T CM and T EM phenotype (adenovirus, EBV, influenza virus, VZV, and HIV Gag in patients on therapy) (Fig. 3) . As a group, the ability of these subsets to produce IL-2 or IFN-␥ was similar between antigens. Although some decrease in the mean fluorescence intensity of CD27 was noted in CCR7
Ϫ memory cells compared to CCR7 ϩ memory cells, CD27 also did not reliably define specific cytokine-producing populations(data not shown). However, individual patients had a greater tendency for responses to be skewed toward CCR7 ϩ RA Ϫ or CCR7 Ϫ RA Ϫ cells. Surprisingly, when analyzed as a group the majority of the cells producing IL-2 were found within a putative effector memory phenotype. Together, these data indicate that the cytokine production of memory CD4 ϩ T cells is not reliably predicted on the basis of surface phenotype and is considerably more heterogeneous and patient specific than previously believed.
Coculture of PBMC from on-therapy and off-therapy time points rescues the diminished proliferation of HIV-specific CD4
؉ T cells. The loss of proliferative responses to HIV antigens in patients off antiretroviral therapy is one of the principal changes in HIV-specific CD4 ϩ T-cell function (24, 34, 35, 37, 42, 43) . Patients on therapy with preexisting CD4
ϩ T-cell proliferative responses rapidly lose these responses upon viral rebound during treatment interruption and regain proliferative responses once viral replication is controlled by restarting therapy (24, 34) . Although these studies have provided considerable insight into the modulation of proliferative responses by HIV viremia, the mechanisms responsible for diminished proliferation to HIV antigens remain incompletely understood.
Diminished proliferation to HIV antigens in patients off therapy may be due to the absence of positive factors favoring proliferation (such as IL-2, costimulatory molecules, or proinflammatory cytokines) or due to the presence of negative factors inhibiting proliferation (for example, IFN-␣, IL-10, or regulatory T cells). To systematically address these possibilities, mixing experiments were performed with on-therapy and off-therapy cells from patients undergoing treatment interruption. Cells from one time point were labeled with CFSE and cultured with unlabeled cells from the other time point for 6 days in the presence of medium or HIV antigens. A gating strategy was used to remove cells that were initially unlabeled from the analysis. Coculture of on-therapy and off-therapy PBMC resulted in a significant increase in the percentage of off-therapy CD4 ϩ T cells that proliferated in response to p24 antigen (median of 3.79% CFSE dim CD4 ϩ T cells when cultured alone versus 17.77% when cultured with on-therapy cells; P ϭ 0.042) and to Gag pooled peptides (0.93% versus 5.14%; P ϭ 0.038) (Fig. 4) . This result suggested that in cultures of cells from the off-therapy time point there was an absence of factors that enhance proliferation, which were then supplied by cells from the on-therapy time point. Mixing of on-therapy and off-therapy cells did not diminish the proliferation of the on-therapy cells (P Ͼ 0.26 for both p24 and Gag antigens), suggesting that there were not inhibitory factors that were active in cultures of cells from viremic patients. Taken together, these results are consistent with an absence of a positive factor being responsible for the diminished proliferative responses in patients who were off antiretroviral therapy.
Coculture of PBMC from on-therapy and off-therapy time points does not alter the pattern of cytokine production by HIV-specific CD4
؉ T cells. We and others had previously shown that HIV viremia was associated with diminished IL-2 production by HIV-specific CD4 ϩ T cells. In longitudinal cohorts, IL-2 production by HIV-specific CD4 ϩ T cells was rapidly abrogated by viremia induced by an interruption of therapy. In the coculture experiments shown in Fig. 4 , mixing of on-and off-therapy cells resulted in rescued proliferation of HIV-specific cells from the off-therapy time point. However, it was unclear whether mixing was changing IL-2 production by cells from the off-therapy time point or was acting in trans through other mechanisms.
In order to distinguish between these possibilities, coculture experiments were performed on cells from patients undergoing treatment interruptions. PBMC from either the on-therapy or off-therapy time point were labeled with CFSE and were cultured alone or mixed with PBMC from the opposite time point. HIV-specific CD4 ϩ T cells from patients on therapy had similar frequencies and cytokine profiles regardless of whether they were cultured alone or mixed with off-therapy cells, and conversely, off-therapy CD4 ϩ T cells did not have changes in frequency or cytokine production when mixed with on-therapy cells (Fig. 5) , consistent with our prior observations, but mixing with cells from the opposite time point did not significantly change these cytokine profiles (P Ͼ 0.5). These data suggest that although mixing with cells from the on-therapy time point rescues proliferation of HIVspecific cells from the off-therapy time point, the effect is not due to rescue of IL-2 production that might act in an autocrine fashion.
Autologous, on-therapy PBMC rescue proliferation of offtherapy HIV-specific CD4
؉ T cells via the production of IL-2. The mixing experiments demonstrated that off-therapy HIVspecific CD4 ϩ T cells were able to proliferate in the presence of on-therapy PBMC, but whether this rescue effect was mediated via a cell contact-dependent mechanism or a soluble factor was unknown. In order to test the necessity of cell contact, proliferation experiments were performed in which the on-therapy and off-therapy cells were separated by a 0.4-m semipermeable membrane. Proliferation of off-therapy cells to Gag pooled peptides increased from a median of 1.02% CFSE dim cells when cultured alone to 7.0% when cultured at a 3:1 ratio with on-therapy PBMC (3 off-therapy cells:1 on-therapy cell; P ϭ 0.058) and to 11.0% when cultured at a 1:3 ratio with on-therapy PBMC (P ϭ 0.033) (Fig. 6 ). These data suggested that proliferation of off-therapy CD4 ϩ T cells to HIV antigens was rescued by a soluble factor.
Given the alterations in the cytokine secretion profile of HIV-specific CD4 ϩ T cells in patients undergoing treatment interruption as well as our previous findings that exogenous IL-2 could induce proliferation of off-therapy CD4 ϩ T cells, it was likely that IL-2 produced by on-therapy PBMC in response to HIV antigens might be the factor augmenting the proliferation of the off-therapy cells. In preliminary experiments, the enhancement in proliferation shown in the semipermeable-membrane experiments of Fig. 6 was recapitulated by incubating off-therapy PBMC with cell-free conditioned supernatant from on-therapy PBMC exposed to HIV antigens (data not shown). Addition of IL-2-neutralizing antibodies or CD25-blocking antibodies caused unacceptably high rates of cell death when added directly to 6-day cultures. Therefore, use of these methods would not permit an accurate determination of whether the rescue effect was attributable to the effects of IL-2. To avoid these potential problems, cell-free, conditioned supernatants from on-therapy cells were incubated in the presence of anti-IL-2 antibodies or control antibodies that were subsequently removed from the solution with protein G-agarose beads. This method was found to result in removal of Ͼ99% of the IL-2 as determined by proliferation of the IL-2-dependent CTLL-2 cell line (Fig. 7A) . Adding back small amounts of exogenous IL-2 to these treated supernatants restored proliferation of the CTLL-2 cells (Fig. 7B) , indicating that excess anti-IL-2 antibody was not still present in the treated supernatants. The results of IL-2 depletion experiments are shown in Fig. 7C to E. Proliferation of offtherapy CD4
ϩ T cells to HIV antigens increased from a median of 0.8% CFSE dim cells when cultured alone to 2.96% when cultured in a 3:1 ratio (by volume) with control antibody-treated conditioned supernatant (P ϭ 0.17) and to 3.84% when cultured in a 1:3 ratio with control antibodytreated conditioned supernatant (P ϭ 0.02) (Fig. 7C to E) . Removal of IL-2 from supernatants conditioned by on-therapy PBMC abrogated proliferation of the viremic cells from 2.96% to 0.27% (P ϭ 0.12) at the 3:1 ratio and from 3.84% to 0.19% (P ϭ 0.01) at the 1:3 ratio. The diminished levels of proliferation in the IL-2-depleted cultures compared with the viremic cells alone is likely due to the replacement of 25% and 75% of the medium with IL-2-depleted medium at daily intervals, diluting cytokines already present in the medium. These findings strongly suggest that IL-2 produced by on-therapy PBMC is the factor responsible for restoring proliferative responses of off-therapy cells. Together, these data suggest that in the context of viremia HIV-specific CD4 ϩ T cells retain the ability to proliferate but simply develop the need for exogenous (paracrine) IL-2.
DISCUSSION
The results of the present study provide data that permit the interpretation of a number of observations of the CD4 ϩ T-cell response to HIV in the context of responses to other viruses. The flow cytometric panel utilized in this study permitted comparisons of the frequency, phenotype, and cytokine production within subpopulations of CD4 ϩ T cells directed against HIV with responses directed against other viral antigens. Further, the ability to alter the level of virus replication through changes in antiretroviral therapy permitted an examination of the effects of viral replication on these parameters. A number of defects within the HIV-specific memory CD4
ϩ T-cell compartment have been proposed to explain the lack of immunologic restriction of HIV replication. Diminished HIV-specific CD4 ϩ T-cell frequencies, skewing of CD4 ϩ T-cell maturation, depletion of IL-2-producing or proliferating cells during HIV viremia, and replicative senescence have all been suggested as potential mechanisms. However, the results of the present study suggest that diminished IL-2 production and CCR7 expression are a consequence of the level of viremia and not a cause of the loss of restriction of viral replication. HIV-specific cells capable of proliferation were not depleted but rather developed a requirement for paracrine IL-2 in the context of viremia. More importantly, the CD4 ϩ T-cell responses to HIV antigens in patients who are on antiretroviral therapy are remarkably similar in magnitude, memory phenotype and cytokine production to responses directed against viral infections that are well controlled in humans: adenovirus, EBV, influenza virus, and VZV. We did not detect differences in cytokine secretion patterns characteristic of cleared antigens that have been recently described (22) . Rather, adenovirus-specific and influenza virus-specific responses were similar to responses to EBV, CMV, and HIV, which induce chronic viral infections. Furthermore, these results also suggest that HIV-specific CD4 ϩ T cells from patients on therapy are indistinguishable in frequency, phenotype, cytokine production, and proliferative capacity from CD4 ϩ T cells from long-term nonprogressors. Taken together, these observations indicate that we were unable to detect abnormalities within the HIV-specific CD4 ϩ T-cell compartment may contain inappropriately low frequencies of these cells. Diminished frequencies of these cells would presumably occur through preferential infection (9, 16) . Many of these prior comparisons from our laboratory and others were made between HIV antigens or peptide pools and CMV antigen. In the present study, consistent with prior results, the total HIV-specific response was approximately one-half or less of the response to CMV antigen. However, this is not necessarily surprising given that the genome of human CMV is more than 20-fold larger than that of HIV. This comparison is further complicated by the fact that responses to peptide pools that do not require cleavage and processing prior to presentation commonly induce higher responses. However, we observed similar frequencies of antigenspecific CD4
ϩ T cells in response to Gag or CMV pp65 peptide FIG. 7 . Conditioned supernatant from on-therapy PBMC rescues the proliferation of off-therapy PBMC, and depletion of IL-2 from the supernatant abrogates this effect. A. Proliferation of IL-2-dependent CTLL-2 cells to medium containing known concentrations of IL-2. Medium was treated with control antibody or anti-IL-2 antibody, followed by depletion of antigen-antibody complexes with protein G-agarose beads. B. Proliferation of CTLL-2 cells to untreated medium and IL-2-depleted medium that have been spiked with known amounts of IL-2. C. CD4
ϩ T-cell proliferation to an HIV Gag peptide pool from a representative patient undergoing treatment interruption. D. Proliferation of off-therapy cells to HIV Gag peptides in the presence of conditioned supernatant by on-therapy PBMC exposed to HIV Gag peptides. Conditioned supernatants were treated with control antibody or anti-IL-2 antibody as described in the text. Low concentration, 750,000 off-therapy cells with 250 l conditioned supernatant; high concentration, 250,000 off-therapy cells with 750 l conditioned supernatant. E. Summary of data for off-therapy CD4 ϩ T-cell proliferation to Gag peptides in patients undergoing treatment interruption. Off-therapy cells were cultured alone or in the presence of low or high concentrations of conditioned supernatant treated with a control antibody or anti-IL-2 antibody. pools, which are roughly similar in size. The extraordinarily high numbers of CMV-specific cells were likely not due to the biology of the virus but rather were largely attributable to the coding sequence size. Based upon these observations in the context of controlled viral replication, the frequency of HIV-specific CD4 ϩ T cells does not appear to be inappropriately low. In the present study we were also unable to detect a defect in cytokine secretion or maturation based upon surface phenotype of HIV-specific CD4 ϩ T cells during the chronic phase of infection. Consistent with our prior results and those of others, a decrease in the frequency of HIV-specific CD4 ϩ T cells producing IL-2 was observed during an interruption of therapy. In the present study, this was also associated with a decrease in CCR7 expression. Decreases in CCR7 expression and IL-2 production have been proposed to represent an impairment of formation of central memory cells during acute infection (51) . However, in the context of antiretroviral therapy cells expressing CCR7 or producing IL-2 can be found at frequencies similar to those specific for other viruses. It is difficult to conclusively demonstrate in humans that this does not represent the regeneration of new central memory cells. However, this possibility seems unlikely in the context of the reduction of antigen that would occur during antiretroviral therapy. The more likely possibility remains that these two parameters are rapidly modulated by the level of viremia.
The results of the present study also extend some previous observations regarding diminished proliferation of HIV-specific CD4 ϩ T cells in the context of viremia. We had previously observed that HIV viremia caused a decrease in IL-2 production and proliferation of HIV-specific CD4 ϩ T cells. Proliferation of HIV-specific CD4 ϩ T cells could be induced by addition of IL-2, suggesting that these cells retained proliferative capacity. However, it remained unclear whether the decrease in proliferation was a consequence of a decrease in factors that might induce proliferation, such as IL-2, or dominant negative factors, such as antiproliferative cytokines or regulatory cells. The data from mixing studies indicate that decreased IL-2 production in patients with active viral replication is due to changes intrinsic to the HIV-specific CD4 ϩ T cells and that diminished proliferation is caused by a decrease in a factor(s) that promotes proliferation. Data from the supernatant transfer studies indicate that diminished IL-2 production by CD4 ϩ T cells from patients off antiretroviral therapy is the factor responsible for the vast majority of the decrease in proliferative responses in vitro. Although there are conflicting data regarding whether exogenous IL-2 may overcome PD-1-mediated suppression of proliferation of T cells (13, 14) , these results suggest that the absence of paracrine IL-2 is the primary effect. It should also be noted that it remains unclear whether there is a need for additional IL-2 in vivo during HIV viremia. We have previously observed that patients treated with IL-2 do not have augmented HIV-specific CD4 ϩ T-cell responses (27) . These observations may extend beyond the HIV-specific response described here. It is likely that this mechanism is responsible for the decrease in in vitro proliferation of antigen-specific CD4 ϩ T cells observed in the context of high levels of antigen in humans or experimental animals (4, 8, 12, 18, 20, 32, 40, 41, 50) . Although not yet well described, it is possible that diminished CCR7 expression and IL-2 production parallels the drop in in vitro proliferation in these situations where the immune response is ultimately successful in controlling or eliminating antigen. Should this be the case, it would add further evidence to the suggestion from data in the present study that these changes do not represent a defect in the HIV-specific immune response but may be a physiologic response to high levels of antigen.
These results also may change the interpretation of prior observations regarding the relationship between CCR7 expression and cytokine production or proliferation. We were unable to confirm associations previously made between surface CCR7 expression and effector cytokine production (44) . Differences in CCR7 expression of antigen-specific populations did not appear to be related to the duration of HIV infection, given that this heterogeneity was observed even within these relatively homogeneous cohorts of LTNP and progressors. Recently, a model has been proposed that divides memory CD4 ϩ T cells into two classes: CCR7 ϩ CD45RA Ϫ central memory (T CM ) cells and CCR7 Ϫ CD45RA Ϫ effector memory (T EM ) cells (44) . According to this model, T CM cells home to secondary lymphoid organs, produce IL-2 but not IFN-␥, and proliferate in response to an encounter with antigen. In contrast, T EM cells migrate to peripheral tissues, produce IFN-␥ but not IL-2, and are not thought to proliferate upon antigen stimulation. This model has been applied to HIV-specific CD4 ϩ T cells in the peripheral blood (17, 22, 23, 36, 38, 51) . The use of the 10-color, 12-paramater flow cytometry panel in this study allowed for detailed examination of this model by simultaneously providing information on memory markers and cytokine production in CD4 ϩ T cells. However, we did not observe a clear delineation of effector cytokine production based upon CCR7 expression, consistent with one recent paper (48) . In addition, highly activated CCR7 Ϫ cells retained the ability to proliferate in vitro as long as paracrine IL-2 was provided. Because prior studies used tetanus and CMV proteins as model antigens and, more importantly, sorted cells without marking and recombining them to assess proliferation, diminished proliferation of CCR7 Ϫ cells was observed. However, the results of the present study suggest that these observations may be, at least in part, due to the choice of antigen, patient, and, most importantly, sorting and plating of activated cells in the absence of paracrine IL-2.
The precise role of the HIV-specific CD4 ϩ T-cell response in the loss of immunologic control of the virus remains unclear. HIV-specific CD4 ϩ T cells occupy a central position in HIV pathogenesis, as they are both critical elements of the immune response as well as preferred targets for the virus. We have previously found that this response in treated patients does not differ from that in LTNP and in this study found the response to a large panel of viral antigens to be similar. However, despite these similarities, there is now substantial evidence that the vast majority of patients with good control of viral replication on therapy in acute or chronic infection are not able to contain HIV replication once therapy is discontinued, even if a CD4 ϩ T-cell proliferative response against HIV antigens is present prior to treatment interruption (24, 25, 28) . Although we did not detect changes that might suggest a defect in HIV-specific CD4 ϩ T cells during the chronic phase of infection, it remains possible that depletion of these cells during acute The results of the present study help to further clarify the frequency, phenotype, and function of HIV-specific CD4 ϩ T cells relative to those specific for other antigens and may provide a goal with regard to these parameters for vaccines or immunotherapeutic strategies aimed at boosting CD4 ϩ T-cell responses.
